Motor imagery (MI) is the mental simulation of an action without any overt movement. Functional evidences show that brain activity during MI and motor execution (ME) largely overlaps. However, the role of the primary motor cortex (M1) during MI is controversial. Effective connectivity techniques show a facilitation on M1 during ME and an inhibition during MI, depending on whether an action should be performed or suppressed. Conversely, Transcranial Magnetic Stimulation (TMS) studies report facilitatory effects during both ME and MI. The present TMS study shed light on MI mechanisms, by manipulating the instructions given to the participants. In both Experimental and Control groups, participants were asked to mentally simulate a finger-thumb opposition task, but only the Experimental group received the explicit instruction to avoid any unwanted fingers movements. The amplitude of motor evoked potentials (MEPs) to TMS during MI was compared between the two groups. If the M1 facilitation actually pertains to MI per se, we should have expected to find it, irrespective of the instructions. Contrariwise, we found opposite results, showing facilitatory effects (increased MEPs amplitude) in the Control group and inhibitory effects (decreased MEPs amplitude) in the Experimental group. Control experiments demonstrated that the inhibitory effect was specific for the M1 contralateral to the hand performing the MI task and that the given instructions did not compromise the subjects' MI abilities. The present findings suggest a crucial role of motor inhibition when a "pure" MI task is performed and the subjects are explicitly instructed to avoid overt movements.
Introduction
Motor imagery (MI) is the mental simulation of a given action without any overt movement (Decety, 1996; Jeannerod, 1995) . Behavioral evidence shows that MI induces similar effects to motor execution (ME) and that MI shares part of the neurocognitive mechanisms underlying motor preparation and execution (Bisio et al., 2014; Decety and Ingvar, 1990; Fadiga and Craighero, 2004; Garbarini et al., 2014; Jeannerod, 2001 Jeannerod, , 1995 Papaxanthis et al., 2002; Piedimonte et al., 2014) . Furthermore, it has been described that imagined movements partially share the same cortical and subcortical network of actual movements, as reported by numerous studies involving different neurophysiological techniques (Carrillo-De-La-Peña et al., 2006; Gerardin, 2000; Guillot et al., 2009; Munzert et al., 2009; Szameitat et al., 2007; Wriessnegger et al., 2008) . However, several unresolved issues have emerged with regard to the neural underpinnings of MI and a wellknown controversy involves the magnitude and the exact location of imagery-related activity within the primary motor cortex (M1) (Hanakawa, 2016; Park et al., 2015) . While some neuroimaging studies found a significant M1 activity during imagery of fingers movement (Lotze et al., 1999; Porro et al., 1996; Roth et al., 1996) , others did not (Dechent et al., 2004; Gerardin, 2000; Hanakawa et al., 2008 Hanakawa et al., , 2003 Naito et al., 2002) . Other authors took advantage from Transcranial Magnetic Stimulation (TMS) in order to investigate the MI effects on the M1 excitability through the recording of motor evoked potentials (MEPs) from the muscles involved in the MI task. TMS studies provided converging evidence that MI, and in particular kinesthetic MI (kMI), increases the corticospinal excitability as demonstrated by increased MEPs amplitude in target muscles (Fadiga et al., 1999; Grosprêtre et al., 2015; Quartarone et al., 2005; Stinear and Byblow, 2004) . These TMS findings support the idea that MI reproduces the hemispheric specificity with regards to contralateral M1 enrollment during imagination of lateralized movements and suggest that the corticospinal facilitation is highly specific to the motor task (Guillot et al., 2012) .connectivity between supplementary motor area (SMA) and M1 during ME and MI conditions, by using the Dynamic Causal Model (DCM) (Friston et al., 2003) . They found that, during ME, SMA exerts an excitatory effect on M1, since the movement has to be performed. On the contrary, during MI, SMA exerts an inhibitory effect on M1, since the movement has to be suppressed. Accordingly, the suppressive influence of SMA causes reduced activity in M1 during MI (Tak et al., 2015) .
In light of the above-mentioned studies, it seems that a theoretical conflict concerning the modulatory effect of MI (either facilitatory or inhibitory) on M1 exists. Thus, in the present TMS study, we aimed at investigating the mechanisms underlying MI, by isolating a "pure" MI from its subliminal electromyographic (EMG) activity (Bonnet et al., 1997; Jeannerod, 1994) . To this aim, we manipulated the instructions given to participants. In both Experimental and Control groups, participants were asked to mentally simulate a finger-thumb opposition task, but only the Experimental group received the explicit instruction to avoid any unwanted fingers movements. The MEPs amplitude recorded during MI was compared between the two groups (see details in Section 2 and in Fig. 1) . If the facilitatory effects on M1 excitability (i.e. increased MEPs amplitude) actually pertain to MI per se, we should expect to replicate this result, irrespective of the instructions. Conversely, different results should be expected if facilitatory/inhibitory effects depend on the given instructions. Furthermore, two control experiments were designed in order to control the specificity of the MI effect on the M1 contralateral to the hand performing the task and the possible effect of the manipulated instructions on the subjects' MI abilities.
Materials and methods

Participants
Eighty healthy volunteers (24 men, mean age = 24.1 years, SD = 2.7; educational level = 17.3 years, SD = 1.2), all right-handed (Oldfield, 1971) participated. Thirty-two participants (12 men, mean age = 23.3 years, SD = 2.9) were included in the Main experiment, sixteen participants in Control Physiological experiment (4 men, mean age = 25.2 years, SD = 2.9) and thirty-two in Control Behavioral experiment (9 men, mean age = 24.2 years, SD = 2). In all participants, subjective motor imagery ability was assessed using an Italian translated version of the Motor Imagery Questionnaire-Revised Second version [MIQ-RS, (Gregg et al., 2010) ]. Participants were naive to the purpose of each experiment; none of them had history or evidence of neurological, psychiatric, other relevant medical problems or any contraindications to noninvasive brain stimulation (Bruno et al., 2017a; Rossi et al., 2009) . Participants gave informed written consent. The study was approved by the Ethics Committee of the University of Turin (prot. n. 36336) and conforms to the World Medical Association Declaration of Helsinki.
Transcranial magnetic stimulation and electromyographic activity
TMS was performed using a figure-of-eight coil connected to a Magstim Rapid 2 stimulator (Magstim, Whitland, Dyfed, Wales, UK). The coil was placed over the left or right M1 tangentially to the scalp with the handle pointing posterolaterally 45 degrees from the midline. This orientation is optimal for trans-synaptic activation of the corticospinal pathway (Brasil-Neto et al., 1992; Mills et al., 1992) . The resting motor threshold (rMT) was defined as the lowest stimulator output intensity capable of inducing EMG responses with a magnitude greater than 50 µV of the peak-to-peak MEPs amplitude in the first dorsal interosseous (FDI) muscle for a minimum of five of the ten trials (Groppa et al., 2012; Rossini et al., 1994) and it was measured at the beginning of the experimental session, following the international standards (Rossi et al., 2009) . Stimulus intensity was kept at 120% of the rMT during data collection.
MEPs were recorded from the FDI muscle of participants' right or left hand. EMG activity was recorded by pairs of Ag-AgCl surface pregelled electrodes (24 mm diameter), one on muscle belly and the other on the metacarpophalangeal joint of the index finger, following standard skin preparation. The electrodes were connected to a Biopac MP-150 electromyograph (Biopac Systems Inc., Santa Barbara, CA). During the baseline and the MI task, the EMG signal was acquired according to the method used by previous studies (Bruno et al., 2017b; Fossataro et al. 2018; Burin et al., 2017; Bucchioni et al., 2016) . MEPs were analyzed off-line. Each recording epoch lasted 700 ms, of which 500 ms preceded the TMS pulse (EMG-preTMS). All MEPs (i.e. baseline and experimental) with an activity of at least 50 µV before the TMS pulse were not considered for analyses.
Experimental design
Main experiment
Firstly, participants were asked to complete the MIQ-RS, in order to make them familiar with the concepts of visual and kinesthetic MI. The MIQ-RS comprises 14 items, in which a movement is required to be visually or kinesthetically imagined, by rating the ease or difficulty with Fig. 1 . Schematic representation of the experimental paradigm. Participants were randomly divided in two groups. The experimenter gave the same instructions to both groups on how to perform the kMI task, but only the Experimental group was explicitly asked to try to avoid overt movements during the task. The experimental task consisted of a series of visual stimuli representing two hands. Both hands were white in rest condition (1000 ms), then a preparation phase consisted of 9 pictures, presented for 400 ms each, of a progressive red painted right hand and a white left hand. When the right hand became whole red and the left hand remained white, participants had to imagine to perform a thumbindex finger opposition task with the right hand for 6000 ms (kMI task). Single pulse TMS was delivered over the left M1 after 2500 or 3500 ms after the right hand completely turned red. Before and after 18 trials of kMI task, baseline measures of the corticospinal excitability were collected and single pulse TMS was delivered while participants were looking at a fixation cross on the screen. a 7-point scale (Gregg et al., 2010 ; for previous experimental studies employing the MIQ-R Questionnaire see for instance: Bisio et al., 2017; Piedimonte et al., 2014; Garbarini et al., 2014) . After the MIQ-RS, participants seated comfortably on an armchair with the forearms resting on a pillow. They were instructed to relax and try to achieve muscular relaxation. All participants performed a kMI task, consisting in imaging to perform index finger-thumb opposition with the right hand, imagined palm up, congruent with actual hand posture (Vargas et al., 2004) . The imagery instructions were to imagine the sensations and, in particular, the stretch and muscle tension in the right hand. Prior to start the experimental task, participants actually performed the movement for 5 s, making note of the sensations they felt of the movement, which was self-paced. Participants were seated in a relaxed position in front of a 24 in. computer screen, positioned 80 cm away. The stimuli were visual and represented two hands: in each trial, both hands were white in rest condition (1000 ms), then the right hand gradually turned red (9 frames of 400 ms each, preparation phase) and then completely turned red (6000 ms, kMI task) (Fig. 1) . Each trial was spaced out by a white fixation cross of 9000 ms. During the kMI task, participants had to mentally simulate with the right hand the movement associated with a kinesthetic feeling of the movement (Solodkin et al., 2004) . Each trial was repeated 18 times. Single pulses of TMS were randomly delivered at 2500 ms or at 3500 ms after the right hand turned red, in order to minimize possible habituation effects. Baseline measures of the corticospinal excitability were assessed before and after the experimental kMI task. During baseline conditions, a fixation cross was presented for 18 times (9 prior and 9 following the kMI stimuli, with a duration of 10000 ms each). Stimuli presentation and TMS triggers were controlled by E-Prime 2.0 software (Psychology Software Tools Inc.). At the end of the TMS paradigm, participants were asked to evaluate their performance during the kMI, by rating the ease or difficulty with a 7-point scale (as in the MIQ-RS). Participants were randomly divided in two groups (i.e. 16 for each group), depending on the instructions: Experimental and Control group. In both groups participants were asked to mentally simulate a finger-thumb opposition task. They were all instructed to stay still and relaxed during the whole experiment, therefore all participants were implicitly instructed to not perform muscle contractions during the task. However, only in the Experimental group participants were explicitly instructed to avoid fingers movements during the kMI task. We asked them to pay attention to the fact that, commonly, while we try to attempt a kMI task, we tend to produce involuntary muscular activities. They were explicitly asked to be focused on the mental simulation of the finger-thumb opposition task and to avoid any unwanted motor behaviors. Within the same day, we acquired data from the same number of subjects in both Experimental and Control group, to ensure the same acquisition setting and parameters. See details in Fig. 1. 
Control physiological experiment
To control that results obtained in the Experimental group of the Main experiment were not due to a generic motor inhibition but were specific for the hemisphere contralateral to the hand performing the kMI, 16 additional participants performed exactly the same kMI task with the right hand. Participants received the same instruction given to the Experimental group in the Main experiment, but single pulse TMS was delivered over the (ipsilateral) right M1. MEPs were recorded from left FDI. As for the Main Experiment, at the beginning of the TMS session, participants were asked to complete the MIQ-RS.
Control behavioral experiment
To control for a possible effect of different instructions on the subjects' MI abilities, a behavioral (implicit) MI task was performed, the hand laterality judgment. To this aim, 28 additional participants were randomly divided in two groups (i.e. 16 for each group; Experimental and Control group) depending on the instructions. In the hand laterality judgment, participants are required to judge the laterality of visually presented left or right hands. Generally, in this task, participants mentally rotate own hands from their current orientation into the orientation of the visual stimulus for the comparison (McAvinue and Robertson, 2008; Parsons, 2001) . Participants were seated in a relaxed position in front of a 24 in. computer screen, positioned 80 cm away, in a 'natural' posture (Brady et al., 2011) , in which both hands were rested on a pillow on their thighs, with their fingers pointing towards the knees. Both arms were covered with a black cloth and were not visible to the participants. The stimuli were black and white pictures of hand images (13.5 cm in height, 9 cm in width), portrayed from back and palm, in four different orientations (0°, 90°, 180°and 270°clockwise from the upright, Fig. 2 ). The hands were randomly presented at the center of the screen and each trial started with a fixation cross of 500 ms. The experiment comprised two blocks of 96 trials each, resulting in 192 trials in total, corresponding to 12 trials for each combination of hand laterality (left, right), view (back, palm) and angle (0°, 90°, 180°, 270°). Stimuli presentation was controlled by E-Prime 2.0 software (Psychology Software Tools Inc.). The first block was preceded by a training phase of 16 stimuli to familiarize the participants with the task. Participants were instructed to verbally judge the laterality (left or right) of hands, as quickly and accurately as possible. Vocal responses were recorded by a microphone connected to the computer, while an experimenter manually recorded response accuracy. Both Experimental and Control groups were instructed to stay still and relaxed during the task, but only the Experimental group was explicitly instructed to avoid any hand movements during the task. As in previous experiments, participants' motor imagery ability was measured with MIQ-RS questionnaire. Hand laterality judgment task. The task required participants to judge laterality of hand images as quickly and accurately as possible. Vocal responses were recorded by a microphone connected to the computer, while an experimenter manually recorded response accuracy. During the task, both arms were covered with a black cloth and were not visible to the subjects.
V. Bruno et al. Neuropsychologia 111 (2018) 360-368 2.4. Statistical analysis 2.4.1. Main experiment Statistical analyses were performed using Statistica Software (StatSoft, release 7). The statistical analysis was performed on MEPs amplitude, transformed using a natural logarithm to normalize data. The normality of the residual distribution was verified by Shapiro-Wilk test (p < 0.05). A 2 × 2 ANOVA was conducted on MEPs log-amplitude, with Group (Experimental; Control) as between-subjects factor and Task (baseline; kMI) as within-subjects factor. Post-hoc comparisons were computed using Bonferroni test. In both groups, the EMGpreTMS activity, recorded 500 ms before the TMS pulse, was quantified as root mean square (RMS) and the area under the curve (AUC) for each trial of each subject was always lower than 10 µV-s (Avanzino et al., 2015) . Nevertheless, we took in consideration this signal. Even if the AUC values were log-transformed, the residuals of a 2 × 2 ANOVA model were not normally distributed, therefore non-parametric Wilcoxon tests were performed in each group (Control and Experimental) on EMG-preTMS to analyze differences between the EMG activity recorded during baseline and during the kMI task. In addition, non-parametric Mann-Whitney tests were performed on the EMG-preTMS recorded both during baseline and during the kMI task to analyze differences between Control and Experimental groups. Subsequently, we performed non-parametric Spearman's correlations to investigate whether the between groups difference in MEPs amplitude during MI could be explained by the EMG-preTMS activity. Statistical threshold was set at p < 0.05. Furthermore, in order to control that participants' subjective MI ability did not differ between groups, unpaired t-tests (two-tailed), between Control and Experimental group, were performed on the mean score for visual items, kinesthetic items and total score (i.e. mean of all items) of the MIQ-RS questionnaire.
In addition, an unpaired t-test (two-tailed), between Control and Experimental group, was conducted on individual rating about the imagery performance after the task.
Control physiological experiment
Statistical analysis was performed on MEPs amplitude recorded from left hand, transformed using a natural logarithm to normalize data. A two-tailed paired t-test was conducted on MEPs log-amplitude, comparing MEPs recorded during baseline and MI. As for the Main experiment, even if the EMG-preTMS activity recorded 500 ms before the TMS pulse was always lower than 10 µV-s (Avanzino et al., 2015) , we took in consideration this signal. The AUC values were log-transformed and a two-tailed paired t-test was conducted on EMG-preTMS to analyze differences between the EMG activity recorded during baseline and during the kMI task. Subsequently, we performed Pearson's correlation to investigate if, during the kMI task, the EMG-preTMS activity could predict the MEPs amplitude.
Furthermore, to compare the kMI capacity of the subjects of Experimental group of the Main experiment and Control Physiological experiment, an unpaired t-test (two-tailed), between Experimental group of the Main experiment and Experimental group of the Control Physiological experiment was conducted on MIQ-RS questionnaire ratings.
Control behavioral experiment
Mean vocal reaction times (RTs) and mean accuracy (ACC) for each hand, each view and each angle of rotation were calculated for each participant. Both RT and ACC were transformed using a natural logarithm to normalize data. Analyses on RT were performed only on correct responses (i.e. incorrect responses were a "left" response for a "right" hand and vice versa). A 2 × 2 × 2 × 4 ANOVA was conducted both for RT and ACC, with a between-subjects factor Group (Experimental; Control) and three within-subjects factors: Side (Left; Right), View (Palm; Back) and Angle (0°; 90°; 180°; 270°). Post-hoc comparisons were computed with Bonferroni test. Data analyses on the MIQ-RS questionnaire were conducted as in the Main experiment. MEPs amplitude during the kMI task were significantly increased in Control group with respect to baseline. On the contrary, MEPs amplitude during the kMI task were significantly decreased in Experimental group with respect to baseline. b) Mean values of the EMG-preTMS activity transformed using a natural logarithm, recorded both during baseline and kMI task. Although the EMG-preTMS was always lower than 10 µV-s, in Control group the EMG-preTMS was significantly higher during the kMI with respect to baseline. In addition, the EMG-preTMS during kMI was significantly higher in Control with respect to Experimental group. c) No significant correlation for the Experimental group between MEPs amplitude and EMG-preTMS. d) Significant correlation for the Control group between MEPs amplitude and EMG-preTMS. *p < 0.05; ***p < 0.001. Error bars represent standard error of the mean.
Results
Main experiment
The ANOVA on MEPs amplitude (log-transformed) revealed a significant Group*Task interaction [F(1,30) = 18.927; p < 0.0001; η p 2 = 0.386]. Bonferroni tests showed a significant difference between baseline and kMI, in both Control and Experimental group, with significantly increased MEPs amplitude in Control group (p = 0.031) and significantly decreased MEPs amplitude in Experimental group (p = 0.022). Coherently, a significant difference in MEPs amplitude during kMI was found between groups (p = 0.0004). See Fig. 3a . With respect to the EMG-preTMS activity, although in both groups (in each trial of each subject) was always lower than 10 µV-s, a significant difference between Baseline and kMI was found only in Control group, with a significant increase of EMG-preTMS activity during kMI with respect to baseline (Wilcoxon test: Z = 2.38; p = 0.017; dz = 0.593). No difference was found between baseline and kMI in the Experimental group. In addition, a significant difference between groups was found only during the kMI task (Mann-Whitney test: U = 64; p = 0.015; d = 1), suggesting an increased EMG-preTMS activity in the Control group with respect to Experimental group. No difference between groups was found with respect to the EMG-preTMS activity recorded during baseline. See Fig. 3b . Crucially, a significant correlation between EMG-preTMS and MEPs amplitude was found only for the Control group (Spearman's r = 0.64; p = 0.008), suggesting that, only in this group, the EMG activity before the TMS pulse significantly predicted MEPs amplitude during the kMI task. See Fig. 3c . No significant correlation was found in the Experimental group. See Fig. 3d .
With respect to MIQ-RS questionnaire, no significant difference was found between groups, neither for visual items, nor for kinesthetic and for the total score. See Fig. 4a . In addition, no significant difference was found between groups with respect to the individual rating about their imagery performance during the task. See Fig. 4a. 
Control physiological experiment
When the kMI task with the right hand was performed under the same instructions given to the Experimental group of the Main experiment, but MEPs were recorded from left hand, no significant difference in MEPs amplitude between baseline and kMI was found. This means that the inhibitory effect we found in Main experiment was specific for the hemisphere contralateral to the hand involved in the kMI task and was not generalized to the ipsilateral hemisphere. See Fig. 5a . With respect to the EMG-preTMS activity no significant difference between Baseline and kMI was found (Fig. 5b) . Furthermore, no significant correlation between EMG-preTMS and MEPs amplitude was found, suggesting that the EMG-preTMS activity did not predict MEPs amplitude during the kMI task (Fig. 5c) . With respect to MIQ-RS questionnaire, no significant difference was found between Experimental group of the Main experiment and Experimental group of the Control Physiological experiment, neither for visual items nor for kinesthetic and for the total score. See Fig. 4b. 
Control behavioral experiment
With respect to hand laterality judgment, the ANOVA on the RT showed significant main effects of Side [F(1,30) (Brady et al., 2011; Conson et al., 2013; Graham et al., 2014; Kemlin et al., 2016; Shenton et al., 2004) , since they were outside the purpose of our Control Behavioral experiment. With respect to ACC, the ANOVA showed only a significant effect of Angle [F(3,90) = 28.993; p < 0.001; η p 2 = 0.491], suggesting that participants of both groups were less accurate when judging hands at 180°, irrespective of Group, Side and View. It is important to note that, for both RT and ACC, the lack of a Group effect and of significant interaction with Group suggests that the two groups had similar results, irrespective of the given instructions. In particular, in both groups, the significant Angle effect suggests that the subjects, with both hands (left and right) and both views (palm and back), were slower and less accurate at 180°with respect to all the other angles (p always < 0.001). See Fig. 6a and b. With respect to MIQ-RS questionnaire, no significant difference was found between groups, neither for visual items, nor for kinesthetic and for the total score. See Fig. 4c .
Discussion
In the present TMS study, the effect of different instructions to participants performing a kMI task was tested. Participants were asked to imagine a finger-thumb opposition, while single pulses of TMS were delivered over the contralateral M1. All participants, in both Experimental and Control groups, were instructed to stay still and relaxed during MEPs recording procedure, however only the Experimental group was explicitly asked to avoid overt movements during the kMI. We found opposite results, showing a facilitatory effect (increased MEPs amplitude) in the Control group and an inhibitory effect (decreased MEPs amplitude) in the Experimental group (see Fig. 3a) . Furthermore, only in the Control group, the spontaneous EMG- Fig. 4 . MIQ-RS results. a) Mean ratings of MIQ-RS results of the Main experiment. No differences between Experimental and Control group in participants' subjective MI ability. The black square represents the mean of the Experimental group's ratings about the performance during the kMI, the black circle represents the mean of the Control group's ratings about the performance during the kMI. b) Mean ratings of MIQ-RS of the Control physiological experiment. No differences between Experimental group of the Main experiment (green bars) and the Experimental group of the Control physiological experiment (green and white bars) in participants' subjective MI ability. Both groups were instructed to avoid over motor behaviors during the kMI task. c) Mean ratings of MIQ-RS results of the Control Behavioral experiment. As for the Main experiment, there were no differences between Experimental and Control group in participants' subjective MI ability. Error bars represent standard error of the mean. preTMS activity significantly predicts the increased MEPs amplitude (see Fig. 3c ).
In the Control group, the facilitatory effect of MI on M1 entirely confirms previous TMS studies (Avanzino et al., 2015; Fadiga et al., 1999; Fourkas et al., 2006; Grosprêtre et al., 2015) . These TMS findings are in agreement with functional Magnetic Resonance Imaging (fMRI) studies showing that imagined and executed movements partially share common cortical and subcortical networks (for a review see Munzert et al., 2009 ). However, despite MI activates various motor regions in the brain, it does not result in overt movement (Chong and Stinear, 2017; Guillot et al., 2012; Hanakawa, 2016) . How are motor commandsinhibited throughout the motor system to prevent overt execution during MI? It has been proposed that because motor inhibition is a part of the imagery experience, only subthreshold motor commands are sent to the effectors to prevent movement execution (Guillot et al., 2012) . Other studies, investigating the effective connectivity between cortical areas (Kasess et al., 2008; Solodkin et al., 2004; Tak et al., 2015) , individuated in the SMA-M1 connectivity the key inhibitory mechanism during MI. During ME, when efferent motor commands are ready to be issued, the SMA triggers the actual motor act via the release of inhibition of the M1 (Ball et al., 1999) . Thus, during ME, the SMA exerts an excitatory effect on M1, since the movement has to be performed. On the contrary, during MI, when the overt movement has to be suppressed, the SMA exerts an inhibitory effect on M1 (Kasess et al., 2008; Solodkin et al., 2004; Tak et al., 2015) . Another hypothesis concerning the inhibition of motor commands during MI, is that downstream regions, including brainstem and spinal influences, may contribute to motor inhibition at a later stage with respect to the other possibilities (Guillot et al., 2012) .
In the present study, reasoning on the theoretical conflict between motor inhibition and motor facilitation during MI, we tried to isolate a "pure" MI function from its subliminal EMG activity (Bonnet et al., 1997; Guillot et al., 2012; Jeannerod, 1994; Washburn, 1916) , by manipulating the instructions given to the participants. In the Experimental group, participants were explicitly asked to pay attention to the fact that, commonly, while we try to attempt a kMI task, we tend to produce involuntary muscular activities. They were explicitly asked to be focused on the mental simulation of the finger-thumb opposition and to avoid unwanted motor behaviors. This simple instruction not only prevented the facilitatory effect observed in the Control group to occur, but also allowed to the opposite (inhibitory) effect to emerge. How can we explain these opposite results? Washburn (Washburn, 1916) suggested that slight muscle movements are made during MI, and later it has been reported that this EMG activity occurred only in the muscles that are involved in the movement (Guillot et al., 2007) . It has been proposed that the residual EMG activity recorded during MI might originate from an incomplete motor command inhibition, that can allow some tiny muscular contractions (Bonnet et al., 1997; Jeannerod, 1994) . This makes it conceivable for subliminal EMG activity during MI to cause the M1 facilitation observed in previous TMS studies and in our Control group. In the Experimental group, when the subjects were explicitly instructed to avoid unwanted muscles contractions, a reversed inhibitory effect takes place. This decreased M1 excitability nullifies the theoretical conflict between results obtained by using TMS and other neurophysiological techniques. Indeed, the inhibitory effect we found in the present TMS study is compatible with previous fMRI and functional Near Infrared Spectroscopy (fNIRS) studies showing an inhibition of the SMA-M1 functional connectivity during MI, which in turn induces a decreased M1 activity (Kasess et al., 2008; Solodkin et al., 2004; Tak et al., 2015) .
Alternatively, the decreased MEPs amplitude we found in the Experimental group can be interpreted as a voluntary motor inhibition during the task. It has been described that MI of voluntary muscles relaxation induces a decreased corticospinal excitability (Kato et al., 2015) . In addition, a more general literature about the effects of negative action commands suggests that a negative context should inhibit the activation of sensorimotor representations (Tettamanti et al., 2008; Tomasino et al., 2010) , with a decreased motor cortex activation for Mean reaction time (RT), transformed using a natural logarithm, recorded during the hand laterality judgment. Both groups, irrespective of the instructions, were slower at 180°with respect to all the other angles. b) Mean accuracy (ACC), transformed using a natural logarithm, recorded during the hand laterality judgment. Both groups, irrespective of the instructions, less accurate at 180°with respect to all the other angles. *p < 0.05; ***p < 0.001. Error bars represent standard error of the mean. verbs presented as negative imperatives (e.g. "Don't write") compared with those presented as positive imperatives shows (e.g. "Do grasp") (Tomasino et al., 2010) . However, in the instructions given to the Experimental group, it was clear that they had to be focused on the mental simulation of the finger-thumb opposition task without producing overt motor behaviors; i.e. they were asked to imagine to execute the movement, and not to inhibit it. Accordingly, in both groups, after the TMS task, participants rated their MI performance with similar values as those obtained at the MIQ questionnaire (where no difference between groups are present; see Fig. 4a ). Furthermore, the Control Physiological experiment, in which TMS pulses were delivered over the ipsilateral (right) M1 with respect to the (right) hand performing the kMI task, demonstrated that the inhibition we found in the Experimental group is specific for the hemisphere contralateral to the hand performing the task and is not due to a general motor inhibition, caused by the instructions. It is worth noting that the specificity of the effect for the contralateral M1 has been previously demonstrated also for motor facilitation (Facchini et al., 2002) . In addition, if our instructions to the Experimental group had made the subjects unable to effectively perform the kMI task, we should have expected to find differences also in a task able to implicitly unveil participants' MI capacity, such as the hand laterality judgment (McAvinue and Robertson, 2008; Parsons, 1994 Parsons, , 1987 . However, the Control Behavioral experiment, in which we employed this task, rules out this hypothesis. It has been demonstrated that, during a hand laterality judgment, laterality decisions are based on an implicit simulation of the own hand moving from its current (first-person) orientation into the orientation of the presented stimulus (i.e. the hand shape) for comparison. Converging evidence from this task (Candini et al., 2016; Conson et al., 2016; Hoyek et al., 2014; Park et al., 2015; van Nuenen et al., 2012; Vingerhoets et al., 2002; Williams et al., 2012; Zapparoli et al., 2014) suggested that participants are slower and less accurate in judging hand shapes presented at 180°, because it takes longer to mentally rotate the own hand from the current position (Parsons, 1994) . In our Control Behavioral experiment, two groups performed the hand laterality judgment, but only one (i.e. Experimental group) received the instruction to avoid overt movements. Similar performance in both groups (greater RT and lower AC at 180°with respect to all the other angles; see Fig. 6a and b) suggested that the specific instructions given to the Experimental group did not compromise the implicit MI capacity of our subjects (i.e. both groups were slower and less accurate when judging the laterality of hands presented at 180°).
Finally, another interesting result of our study is related to the analysis of the pre-TMS EMG activity.
Because of the well-known presence of tiny muscular contractions during MI, some researchers established different cutoff in the EMG activity as a precondition for MI task (Avanzino et al., 2015; Grosprêtre et al., 2015; Jackson et al., 2003; Lotze et al., 1999; Naito et al., 2002) . The absence of a significant increase in EMG activity in the pre-TMS phase is considered as a proof that the pattern of cerebral activation observed during MI is not due to an overt motor behavior. According to the method proposed by Avanzino and colleagues (Avanzino et al., 2015) , in both groups tested here, the AUC of the EMG pre-TMS activity was lower than 10 µV-s in each trial of each subject. However, a significant increase of this EMG pre-TMS activity was found during the MI task with respect to baseline only in the Control group. Furthermore, a significant difference between groups was found only during the MI task (see Fig. 3b ). This means that this usually overlooked motor signal may contain important motor information. Crucially, in the Control group, a positive correlation showed that the greater the EMG-preTMS signals the greater the MEPs amplitude, suggesting that the facilitatory effect during MI can be explained by a subliminal EMG activity due to an incomplete motor inhibition (Bonnet et al., 1997; Guillot et al., 2012; Jeannerod, 1994; Washburn, 1916) . On the contrary, in the Experimental group, the absence of a significant correlation might suggest that the decreased MEPs amplitude can genuinely capture the MI inhibitory effect on M1, irrespective of the spontaneous EMG-preTMS activity.
Overall, the present findings strongly support a crucial role of motor inhibition when a "pure" MI task is performed and the subjects are explicitly instructed to avoid overt movements.
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